INTRODUCTION {#SEC1}
============

The development of tailor-made enzymes for industrial applications is facilitated by understanding the molecular mechanisms of protein function. However, despite significant advances in recent decades, it is not yet clear how a protein\'s sequence encodes its function ([@B1],[@B2]). Traditional directed evolution circumvents this problem by using repeated rounds of random mutagenesis and screening of large sequence libraries to explore the mutational landscape and find proteins with desired properties ([@B2]--[@B5]). This approach has the advantage of requiring no prior knowledge of the protein\'s structure or understanding of its structure--function relationships ([@B6]), but necessitates the laborious and costly screening of very large libraries ([@B4]). The efficiency of directed evolution experiments can be significantly improved by creating smaller, higher quality libraries that are more likely to yield positive results. Such 'smart' libraries can be generated by focusing mutagenesis on a limited number of 'hot spot' positions that are likely to affect the property of interest, or by selecting a limited set of substitutions ([@B1]--[@B5]).

The optimal strategy for identifying hot spots depends on the property being targeted. Catalytic properties such as activity, specificity and stereoselectivity are often related to amino acid residues that mediate substrate binding, transition-state stabilization or product release ([@B7],[@B8]). Such residues can be identified using tools for predicting and analyzing enzyme-ligand interactions ([@B9]--[@B11]) or detecting binding pockets or access tunnels ([@B12]--[@B14]). Strategies for improving protein stability include rigidification of flexible sites, cavity-filling, tunnel engineering, consensus and ancestral mutation methods, or redesigning of surface charges ([@B15]--[@B17]). While hot spots for some of these strategies can be identified straightforwardly using a single computational tool ([@B18]), others require multi-step analyses or the use of molecular modelling methods ([@B19]). Having obtained a set of promising sites for manipulating the desired property, the next challenge is to draw up a list of allowed substitutions at individual positions. This can be done by considering the amino acid distribution at the corresponding positions in sequence homologs ([@B20],[@B21]), by using reduced sets of amino acids with either specific desired physicochemical properties or a balanced set of these properties ([@B22],[@B23]), or on the basis of the predicted effects of specific substitutions on the protein\'s properties ([@B24],[@B25]). Finally, an appropriate degenerate codon covering the specified set of amino acids must be selected for each targeted position. Ideally, these codons should exhibit minimal amino acid bias and minimize the frequency of premature stop codons ([@B26]). Several tools are available to facilitate this task and to calculate the size of the designed library ([@B27]).

Here, we present HotSpot Wizard 2.0, a web server for the automated identification of hot spots and design of smart libraries for engineering protein stability, enzymatic activity, substrate specificity and enantioselectivity. Compared to its predecessor ([@B28]), HotSpot Wizard 2.0 introduces several major improvements, extending the scope and quality of its analyses. It implements four different established protein engineering strategies, enabling the user to selectively target sites affecting the protein\'s stability and catalytic properties. Users can easily select suitable substitutions for individual hot spots based on predictions of tolerated amino acids or amino acid distributions in sequence homologs, and suitable degenerate codons for these substitutions can be designed automatically via the HotSpot Wizard interface. A new graphical user interface provides an intuitive and comprehensive overview of the results of the analysis, allowing users to think directly about the obtained designs. The resulting pipeline of twenty integrated tools and three databases represents a unique one-stop solution that makes library design accessible even to users with no prior knowledge of bioinformatics.

MATERIALS AND METHODS {#SEC2}
=====================

The workflow of HotSpot Wizard is outlined in Figure [1](#F1){ref-type="fig"}. In order to explore the mutational landscape and find the most promising mutagenesis targets, a protein selected by the user is annotated using several prediction tools and databases (Phase 1). With this knowledge in hand, four protein engineering strategies are used to identify suitable hot spots for improving desired protein properties (Phase 2). Finally, suitable substitutions and appropriate degenerate codons are proposed for each selected hot spot, enabling the design of a smart library (Phase 3).

![Workflow of HotSpot Wizard.](gkw416fig1){#F1}

Phase 1: annotation of the protein {#SEC2-1}
----------------------------------

The first step in the workflow requires the user to specify the protein structure of interest, either by providing its PDB ID or by uploading a suitable PDB file. If possible, the biological assembly of the target protein is automatically generated by the MakeMultimer tool (<http://watcut.uwaterloo.ca/tools/makemultimer>), and information about 'essential residues' directly involved in catalysis or binding is obtained from the Catalytic Site Atlas ([@B29]) and UniProtKB/Swiss-Prot ([@B30]) databases. The DSSP algorithm ([@B31]) is then used to assign the protein\'s secondary structure, and its accessible surface area is computed using the Shrake and Rupley algorithm ([@B32]) with BioJava ([@B33]). The average B-factors are computed for the protein\'s amino acid residues ([@B34]). The raw B-factor values are accompanied by residue rankings ranging from 1--100%; rankings of 1--25%, 26--75% and 76--100% indicate high, moderate and low levels of relative structural flexibility, respectively. Protein pockets are then identified with Fpocket ([@B35]). For each chain, the pocket containing the greatest number of essential residues is identified as the catalytic pocket. If there are two or more pockets that satisfy this criterion, a decision is made according to the Fpocket score. Having identified the putative catalytic pockets, their centers of mass are determined and used as starting points to identify access tunnels with CAVER ([@B36]). Sequence homologs of the target protein are then obtained by performing a BLAST ([@B37]) search against the UniRef90 ([@B38]) database, using the target protein sequence as a query. All identified homologs are aligned with the query protein using USEARCH ([@B39]). By default, sequences whose identity with the query is below 30% or above 90% are excluded from the list of homologs. The remaining sequences are then clustered using UCLUST ([@B39]), with a 90% identity threshold to remove close homologs. The cluster representatives are sorted based on the BLAST query coverage and by default, the first 200 of them are used to create a sequence data set. A multiple sequence alignment of the resulting sequence data set is created with Clustal Omega ([@B40]) and used to (i) estimate the conservation of each position in the protein based on the Jensen--Shannon entropy ([@B41]); (ii) identify correlated positions using an ensemble of the MI ([@B42]), aMIc ([@B43]), OMES ([@B44]), SCA ([@B45]), DCA ([@B46]), McBASC ([@B47]) and ELSC ([@B48]) methods; (iii) predict the tolerated amino acids at each position in the protein sequence using RAPHYD (see Supplementary Data 1); and (iv) analyze amino acid frequencies at individual positions within the protein. The conservation scores are used to assign mutability values to individual residues. To facilitate interpretation, these values are divided into three groups: values of 1--3, 4--5 and 6--9 indicate low, moderate and high mutability, respectively.

Phase 2: identification of mutagenesis hot spots {#SEC2-2}
------------------------------------------------

Based on the comprehensive annotation of the target protein, four protein engineering strategies are used to identify different types of hot spots: (i) functional hot spots, (ii) stability hot spots based on structural flexibility, (iii) stability hot spots based on sequence consensus and (iv) correlated hot spots. Some examples illustrating the use of these strategies to engineer selected properties in 12 different proteins ([@B34],[@B49]--[@B62]) are shown in Figure [2](#F2){ref-type="fig"}. Functional hot spots correspond to highly mutable residues located in the catalytic pockets or tunnels connecting these pockets with the bulk solvent. Residues located in close proximity to the active site have been identified as good mutagenesis targets for engineering activity, enantioselectivity and substrate specificity ([@B52],[@B63],[@B64]). To prevent mutagenesis at positions that are indispensable for protein function, all essential residues are designed immutable and thus excluded from the list of potential hot spots. Supplementary Data 2 shows that HotSpot Wizard provides a significantly greater proportion of viable mutants than random mutagenesis. Stability hot spots are identified by analyzing structural flexibility and sequence consensus. The former approach aims to rigidify flexible protein regions by mutating residues with high average B-factors ([@B34]). B-factor provides a metric for flexibility which is due in part to inherent flexibility of the macromolecule, but also includes stabilizing/destabilizing energy from packing in the crystal lattice. The rationale for targeting these flexible residues is that they have relatively few contacts with neighbors, so their substitution can produce more interactions ([@B34],[@B54],[@B55]). In contrast, the sequence consensus protocol implements majority and frequency ratio approaches, both of which suggest mutations at positions where the wild-type amino acid differs from the most prevalent amino acid (i.e. the consensus residue) at a given position in the multiple sequence alignment. The assumption that the most common amino acid is likely to be stabilizing has proven to be very successful at creating more stable proteins ([@B56]--[@B58],[@B65]). By default, if the consensus residue is present in at least 50% of all analyzed sequences, the corresponding position is identified as a hot spot in the majority approach. The frequency ratio approach has a less strict criterion for the consensus residue\'s frequency -- the default value is 40%, but it must also be at least five times more frequent than the wild-type residue as a hot spot. The final strategy involves searching for coordinated changes of the amino acids at two separate positions within the protein. Such pairs of positions are referred to as correlated hot spots, and arise when one amino acid substitution has an unfavorable effect that is compensated for by a second mutation of a residue that is located in close structural proximity to the first. This second, correlated mutation typically helps to maintain protein function, stability or folding ([@B66]). Methods developed for identifying correlated pairs have revealed mutations responsible for modulating substrate specificity ([@B67]), enantioselectivity ([@B68]) and mutagenesis targets for stability engineering ([@B69]). The identification of correlated positions in HotSpot Wizard is based on an ensemble of seven prediction tools. Each tool generates a raw score for each pair of residues in the protein that measures the pair\'s degree of correlation. The mean and standard deviation of the degrees of correlation for all pairs of residues in the protein are then calculated and the raw scores are converted into Z-scores, which measure the number of standard deviations by which each pair\'s raw score deviates from the mean. Based on the work of Martin *et al*. ([@B70]), a pair is considered to be correlated if its average Z-score ≥ 3.5 and both of its positions have at least a moderate degree of mutability -- by definition, highly conserved positions cannot co-evolve ([@B71]).

![Some notable applications of the four protein engineering strategies implemented in the HotSpot Wizard web server.](gkw416fig2){#F2}

Phase 3: design of the smart library {#SEC2-3}
------------------------------------

The efficiency of directed evolution experiments can be improved by focusing mutagenesis on a limited number of hot spots, but also by restricting the number of allowed substitutions at individual positions using appropriate codons ([@B20]--[@B25]). For each protein engineering strategy, HotSpot Wizard provides a way to prioritize amino acids at the randomized positions (Table [1](#tbl1){ref-type="table"}) and identifies degenerate codons encoding all desired amino acids with the minimum redundancy and the smallest possible ratio of stop codons. Alternatively, the SwiftLib tool ([@B73]) can be used to calculate optimal degenerate codons while keeping the library diversity within the specified limits (the default 10 000). Although the resulting library may not necessarily fully cover the desired set of amino acids, the probability of omitting the important amino acids is relatively low as their weights are set according to selected prioritization method (e.g. based on amino acid distributions in sequence homologs). For both approaches, the most common metrics, such as expected coverage or library size, are computed with TopLib ([@B72]).

###### Methods for selecting substitutions at hot spot positions identified using the four different protein engineering strategies

  Selection mode         Availability in strategies   Description
  ---------------------- ---------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Amino acid frequency   FUNC, FLEX                   suggests amino acid residues fulfilling the criterion of minimal frequency in the multiple sequence alignment
  Mutational landscape   FUNC, FLEX                   suggests amino acid residues fulfilling the criterion of minimal probability of preservation of protein function
  Sequence consensus     CONS                         suggests amino acid residues fulfilling the criteria of at least one of approaches implemented in sequence consensus strategy: (i) majority approach or (ii) frequency ratio approach
  Correlated positions   CORREL                       suggests amino acid residues fulfilling the criterion of minimal frequency of co-occurrence with some other specific residue from coupled position
  Manual                 ALL                          manual selection of amino acid residues

FUNC -- Analysis of functional hot spots; FLEX -- Analysis of stability hot spots/structural flexibility approach; CONS -- Analysis of stability hot spots / sequence consensus approach; CORREL -- Analysis of correlated hot spots.

DESCRIPTION OF THE WEB SERVER {#SEC3}
=============================

Input {#SEC3-1}
-----

The only required input to the web server is a tertiary structure of the query protein, provided either as a PDB ID or a PDB file. The user can then choose a predefined biological unit generated by the MakeMultimer tool or manually select chains for which the calculation should be performed. The calculations can be configured in either basic or advanced mode. Basic mode directs the user\'s attention to the most important parameters, providing an overview of the identified essential residues and highlighting the main parameters involved in the identification of pockets and tunnels. The designation of essential residues is a key step in the functional strategy because these residues are excluded from the list of potential hot spots and are also used to detect catalytic pockets and access tunnels. The user should therefore inspect the automatically generated list of essential residues and correct it if necessary. If no essential residues are detected, the user should specify them manually. In basic mode, the user can specify three parameters: (i) the probe radius, which is used in pocket identification and defines the minimum radius of an alpha sphere in a pocket (default 2.8 Å); (ii) the minimum probe radius, which defines the minimum radius of a putative tunnel (default 1.4 Å); and (iii) the clustering threshold, which determines how the hierarchically clustered tunnels are cut and thus affects the number of tunnels that can be identified (default 3.5 Å). Advanced mode allows expert users to fine-tune parameters of individual calculations in the pipeline to achieve more specialized objectives.

Output {#SEC3-2}
------

Upon submission, a unique identifier is assigned to each job to track the calculation. The 'Results browser' panel provides information on the status of individual steps in the computational pipeline (Figure [3A](#F3){ref-type="fig"}). Once the job is finished, the navigation panel provides links to the results obtained using each of the four different protein engineering strategies (Figure [3B](#F3){ref-type="fig"}). The result pages for each strategy are all organized in the same way, which is described below.

![HotSpot Wizard\'s graphical user interface, showing results obtained for the haloalkane dehalogenase LinB (PDB ID: 1CV2). (**A**) The 'Report' panel shows the status of the calculations in the individual steps of the computational pipeline. (**B**) Results obtained using the four protein engineering strategies. (**C**) The 'Residue features' panel, which provides an overview of the identified hot spots. (**D**) The 'Residues selected for mutagenesis' panel, which presents a user-adjustable list of residues representing targets for mutagenesis. (**E**) The JSmol viewer allows interactive visualization of the protein and the identified tunnels and pockets. (**F**) The 'Residue details' pop-up window, which provides comprehensive information on the residue\'s annotations, organized under several tabs. (**G**) The 'Library design' panel, which shows the list of substitutions and appropriate codons for randomization of selected positions.](gkw416fig3){#F3}

### Residue features {#SEC3-2-1}

The 'Residue features' panel lists all of the identified hot spots together with information relevant to the selected protein engineering strategy (Figure [3C](#F3){ref-type="fig"}). Several checkboxes can be found at the top of this panel, allowing users to reduce the list of hot spots by applying additional criteria such as excluding buried residues, correlated positions or residues forming a catalytic pocket. The 'Show all residues' button enables users to inspect any residue of the target protein and possibly select hot spots based on their own criteria. Importantly, a pop-up window containing detailed information about a given residue is displayed after clicking the 'book' icon in the last column of the table. Users can visualize individual residues within the protein structure by selecting the 'eye' icon in the first column, and can add residues to the list of mutagenesis hot spots by clicking the 'plus' icon in the second column. All selected mutagenesis hot spots listed in the 'Residues selected for mutagenesis' panel (Figure [3D](#F3){ref-type="fig"}) can be used for designing a smart library by clicking the 'Design library' button.

### Residue details {#SEC3-2-2}

The information in the 'Residue details' panel is organized into several tabs (Figure [3F](#F3){ref-type="fig"}): (i) 'Overview', which provides basic information on the residue\'s characteristics such as its mutability, average B-factor and secondary structure; (ii) 'Annotations', describing the residue\'s function (only available for essential residues); (iii) 'Tunnels and Pockets', which lists the pockets and/or tunnels of which the residue is a part; (iv) 'Sequence consensus', listing potential consensus mutations for a given position; (v) 'Amino acid frequencies', providing the distribution of amino acids in the corresponding column of the multiple sequence alignment; (vi) 'Mutational landscape', quantifying the probability of preservation of protein function for individual substitutions at a given site; and (vii) 'Correlated positions', listing all positions correlated with the site in question.

### Design of smart library {#SEC3-2-3}

The 'Library design' panel allows the user to select a set of substitutions and design degenerate codons for systematic mutagenesis of the selected positions (Figure [3G](#F3){ref-type="fig"}). An automatic method for prioritizing amino acids suitable for the chosen protein engineering strategy will be pre-selected. The panel contains two tabs, each corresponding to one library optimization mode. In the 'Standard mode', users can manually define their own set of required substitutions for individual positions if they so desire. After any change in the list of amino acids, HotSpot Wizard automatically identifies the most suitable codons covering all desired amino acids with the lowest possible redundancy, and the library size corresponding to the specified expected coverage. The parameters of the library can be modified interchangeably, allowing the user to adjust the final library based on its size or preferred degree of its coverage. In the 'SwiftLib mode', users specify the maximum acceptable library diversity and the method reports the optimal combination of codons with the minimal redundancy of amino acids. However, this efficiency is often achieved at the price of omitting some of desired amino acids with lower weights. The initial amino acid weights derived from the selected prioritization scheme can be changed by selecting the 'Edit amino acid weights'. Additionally, users can request multiple solutions and thus inspect also the solutions which are considered as less optimal by the method, but may better meet the users' needs. Finally, users can generate a nucleotide sequence from the designed amino acid sequence based on the codon usage of selected organism (default is *Escherichia coli*) with the European Molecular Biology Open Software Suite (EMBOSS) Backtranseq tool ([@B74]).

### Protein visualization {#SEC3-2-4}

The protein of interest is interactively visualized in the web browser using the JSmol applet (<http://wiki.jmol.org/index.php/JSmol>). Users can display individual amino acid residues as well as identified tunnels and pockets (Figure [3E](#F3){ref-type="fig"}). The hot spot residues are colored in red, residues in tunnels and pockets in yellow and all other residues in grey.

### Structural features {#SEC3-2-5}

The main characteristics of all pockets and access tunnels are presented in the 'Pockets' and 'Tunnels' panels, respectively. These panels allow users to visualize individual pockets and tunnels in the structure and to open a pop-up window showing a list of all the residues comprising the chosen structural feature.

CONCLUSIONS AND OUTLOOK {#SEC4}
=======================

HotSpot Wizard 2.0 is a web server for the automatic identification of hot spots and the design of site-specific mutations and mutant libraries for engineering protein stability, catalytic activity, substrate specificity and enantioselectivity. The server provides a unified interface allowing users to apply four well-established protein engineering strategies that combine structural, functional and evolutionary information to identify suitable positions for mutagenesis. Moreover, HotSpot Wizard integrates several schemes for automatic prioritization of mutations and codon optimization for selected hot spot positions to facilitate the design of smart libraries. The automation of the multi-step procedure makes the process of library design accessible to users without expertise in bioinformatics because it eliminates the need to select, install and evaluate tools, optimize their parameters, perform conversions between different data formats, and interpret intermediate results.

In the future, we plan to implement a protocol for structure prediction based on homology modeling, extending the applicability of HotSpot Wizard to proteins for which no experimental structure is yet available. Additionally, we aim to assess other established protein engineering strategies and, if they prove suitable, to develop new modules so they can be added to the server\'s portfolio of methods.
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